hnRNP A2/B1 proteins are among the most abundant pre-mRNA-binding proteins of vertebrates and structurally similar to hnRNP A1. We have produced two specific monoclonal antibodies against A2 and B1 and studied their molecular characteristics and in vivo expression in rat tissues. Immunoprecipitation demonstrated that the hnRNP A2/B1 complexes contain many snRNP (small nuclear ribonucleoprotein) proteins, consistent with their role in pre-mRNA splicing. RNA polymerase II inhibition causes nucleocytoplasmic shuttling of A2 and B1. In most tissues, they are localized in the nucleus; however, in the squamous epithelium of the skin and esophagus A2 is also distributed in the cytoplasm. The relative amounts of A2 and B1 are not constant among different tissues. In the adrenal, only A2 is extremely abundant in the medulla but not in the cortex. In the testis the expression of A2 and B1 are observed through spermatogenesis, and different from A1 which is stringently repressed in spermatocytes. We also found and cloned a novel testis-specific isoform of A2/B1, namely hnRNP B0. The difference of expression of A2, B1, and A1 provides new information on their in vivo roles. The diversity of A/B group hnRNP proteins may have important effects on the posttranscriptional regulation of cell-specific gene expression.
INTRODUCTION
The hnRNP (heterogeneous nuclear ribonucleoprotein) proteins A2 and B1 are among the most abundant of the approximately 20 major hnRNP proteins [for reviews see 1] . They share many characteristics with the basic group of hnRNP proteins [2] , including hnRNP A1, and have a similar overall structure consisting of two conserved amino terminal RNA-binding motifs (RBDs) linked to Gly-rich domains that contain an RGG box [3] and a nuclear import/export signal termed M9 [4, 5] . A2 and B1 are produced by alternative splicing from a single copy gene [6] , and differ from each other only by a 12-amino-acid insertion in the N-terminal RBD of B1 [3] . Their RBDs are very similar to those of hnRNP A1 for which several splicing isoforms have been recently reported [7] [8] [9] . What is a biological significance of the variation of A/B group hnRNP proteins?
Much of the regulation of the pathway of gene expression in higher eukaryotic cells is posttranscriptional and involves pre-mRNA processing, the nucleocytoplasmic transport of mRNA, and the translation, stability, and localization of mRNA in the cytoplasm. The A/B group of hnRNP proteins appears to play important roles in the biogenesis and transport of mRNA. The relative amounts of A/B proteins to RS proteins including clusters of Arg-Ser residues have been found to influence in vitro 5Ј and 3Ј splice-site selection and exon skipping, and this activity of hnRNP A2/B1 is 10 times stronger than that of hnRNP A1 [23] , suggesting that these proteins are able to influence cell-type-specific alternative splicing. The cell-typespecific expression of a particular Drosophila hnRNP protein, hrp40, has also been shown to be essential for normal development in the Drosophila embryo [10] . Previously, we described the characterization and the in vivo expression of several hnRNP proteins [11] , excluding A2 and B1, because antibodies specific to A2/B1 proteins were not hitherto available. That study presented a number of interesting observation that had been missed by the in vitro analysis, and suggested that hnRNP proteins do not exist in vivo in a fixed stoichiometry across different cell types and their relative amounts are regulated in a cell-type-specific manner. Interestingly, the expression of hnRNP A1 varies dramatically through spermatogenesis and is stringently repressed in spermatocytes which undergo meiosis.
The hnRNP A2/B1 proteins should have different in vivo roles from hnRNP A1 but had not been previously characterized as well as hnRNP A1. Because specific antibodies to the A2/B1 proteins had not been available, we could not perform in vivo study of A2/B1 proteins. Here we describe the production of monoclonal antibodies that specifically recognize mammalian hnRNP A2 and B1 and distinguish between them. We have produced two monoclonal antibodies, DP3, raised against full-length A2 as the antigen, and 2B2, raised against a synthetic peptide corresponding to the 12 amino acids that are unique to B1. We have analyzed hnRNP complexes that are immunopurified with these antibodies and have studied the intracellular localization of A2/B1 proteins. We have also systematically studied the in vivo expression of A2 and B1 in a variety of cell types and tissues by immunoblotting and immunostaining. Here we report the results of these studies and describe intersecting tissue-specific expression patterns of A2 and B1 which are different from hnRNP A1. Furthermore, we report a novel isoform of A2/B1 which is a tissue-specific hnRNP protein.
MATERIALS AND METHODS

Generation and preparation of monoclonal antibodies.
A fulllength cDNA encoding hnRNP A2 was cloned into the pET-28a bacterial expression vector (Novagen, WI), and expression of the encoded protein was induced in Escherichia coli [strain BL21(DE3)] using previously described procedures [12] and purified as suggested by the manufacturer. Purified proteins were dialyzed against phosphate buffer saline (PBS, pH 7.4). A peptide (MEKTLETVPLERK-KRE) corresponding to the N-terminal 12-amino-acid insertion specific to hnRNP B1 was synthesized on an automated peptide synthesizer and purified by chromatography on Sephadex G-15 and reverse-phase HPLC (Accord Co., Tokyo, Japan). Purified peptides were coupled to multiple antigenic peptide (MAP) resin and dialyzed as above. Anti-hnRNP A2 and B1 monoclonal antibodies were generated by immunizing BALB/c mice with bacterially expressed hnRNP A2 or with the hnRNP B1-specific MAP described above. Hybridoma production, screening, and ascites production were performed as previously described [13] .
Monoclonal anti-hnRNP C1/C2 antibody 4F4 [13] and anti-Sm (snRNP protein) antibody Y12, which was a kind gift from Dr. J. Steitz [14] , were also used in this study. Ascites fluid from a BALB/c mouse inoculated with the parent myeloma cell line SP2/O was used in each experiment as a background control. All antibodies were used in the form of ascites fluid or as Staphylococcus aureus protein A-purified antibody, and their titers were adjusted by normalization following immunoblotting and immunostaining of the HeLa cell.
Cell culture, inhibition of RNA polymerase, 35 S protein labeling, and immunopurification. HeLa (JW 36) cells were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (GIBCO-BRL, MD), penicillin, and streptomycin. To inhibit transcription by RNA polymerase II, the HeLa cells were treated with actinomycin D (5 mg/ml) for 4 h.
HeLa cells were labeled in DMEM containing one-tenth the normal concentration of methionine, 5% FBS, and 20 Ci/ml [ 35 S]methionine. The hnRNP A2 and B1 were immunoprecipitated with monoclonal antibodies from 35 S-labeled HeLa whole cell lysate in the presence of the ionic detergent Empigen BB (Calbiochem, CA) as previously described [19] . hnRNP complexes were also immunoprecipitated with monoclonal antibodies from nucleoplasm prepared in the presence of 1% of the mild detergent digitonin (Calbiochem) which we found could better preserve hnRNP complexes than the previously used Triton X-100 protocols. Briefly, cells were rinsed in 40 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl and 1 mM EDTA, and scraped with 1% digitonin in 10 mM triethanolamine buffer (pH 7.8) containing 100 mM NaCl, 2.5 mM MgCl 2 , 2 g/ml leupeptin, 2 g/ml pepstatin, and 0.5% aprotinin. The nucleoplasm of collected cells was rapidly separated on a 30% sucrose cushion as described previously [18] and incubated with antibodies DP3 or 2B2 bound to protein A-agarose beads. Immunoprecipitated proteins were separated by SDS-PAGE and two-dimensional gel electrophoresis and fluorographed.
Sample preparation, gel electrophoresis, and immunoblotting. Both male and female rats of 12 and 40 weeks of age were anesthetized and sacrificed, and various tissues were removed and frozen in liquid nitrogen. For a Western blotting analysis, SDS samples of the frozen tissues were prepared and adjusted to contain approximately the same total amount of protein. For a Northern blot analysis, the total RNA was isolated from the frozen tissues using the acid guanidinium thiocyanate-phenol-chloroform method [15] . For an immunohistochemical study, tissues were frozen in Tissue-Tek OCT compound (Miles Inc., IN) or fixed with 4% phosphate-buffered formaldehyde and embedded in paraffin.
Protein samples of total HeLa cells and of rat tissues were separated by electrophoresis on 12.5% SDS-polyacrylamide gels (SDS-PAGE) [16] . HeLa cell samples were also separated by two-dimensional gel electrophoresis in which nonequivalent pH gradient electrophoresis (NEPGE) [17] was used as the first dimension and SDS-PAGE as the second dimension. Immunoblotting was carried out as previously described [18] . Briefly, proteins were transferred to a nitrocellulose membrane (Schleicher & Schuell, Bassel, Germany) and probed with the indicated monoclonal antibodies. Bound antibodies were detected with peroxidase-conjugated anti-mouse F(abЈ) 2 (Cappel Laboratories, NC) and the ECL system (Amersham International plc, UK).
Immunohistochemistry. To study the intracellular distribution of hnRNP A2 and B1, HeLa cells were cultured on glass slides, rinsed with PBS, fixed with 4% formaldehyde, and permeabilized with 0.5% Triton X-100 for 1 min. After preincubation with 3% BSA-PBS and 1% normal goat serum, specimens were incubated with monoclonal antibodies for 1 h, rinsed, and stained with fluorescein isocyanate (FITC)-conjugated goat anti-mouse F(abЈ) 2 (Cappel Laboratories). To survey the expression of hnRNP A2 and B1 in rat tissues, we used both frozen and paraffin sections of rat tissues. The frozen tissues were serially sectioned at 4 m, fixed with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (10 min, 4°C), and treated with 0.1% Triton X-100 in PBS (3 min at room temperature). The formalin-fixed paraffin sections were deparaffinized and treated in the same manner. After preincubation with 3% BSA-PBS and 1% normal horse serum, tissue sections were incubated with monoclonal antibodies overnight at 4°C and stained by indirect immunofluorescence or by the avidin-biotin-peroxidase complex method (Vector Lab. Inc., CA) using aminoethyl-carbamazole (Aldrich Chemical Co. Ltd., WI) as a coloring reagent. Stained specimens were examined using an Olympus BH-2 microscope and also using a Bio-Rad MRC 600 laser scanning microscope with an argon-ion laser (wavelength 514 nm).
RNA blotting, RT-PCR, and sequencing analysis. The total RNA was denatured with formaldehyde and formamide for 15 min at 65°C and separated on a 1.2% agarose gel in 1ϫ MOPS buffer, pH 7.0 (20 mM Mops, 5 mM sodium acetate, 1 mM EDTA). The RNA was transferred to positively charged nylon membranes (DuPont-NEN, DE). The membranes were hybridized with hnRNP B1 cDNA probes B1 which were labeled with a random-primed DIG DNA labeling kit and alkali-labile digoxygenin-11-UTP (Boehringer Mannheim, Germany). A DIG luminescent nucleic acid detection kit (Boehringer Mannheim, Germany) was used to detect the hybridized digoxigenin-labeled probe. One microgram of the total RNA was reverse transcribed with random primers (Gibco BRL). The resulting samples of complementary DNA were amplified by PCR using several sets of specific primers which flanked the hnRNP A2 (upstream primer A2u, 5Ј-GAT GGA GAG AGA AAA GGA ACA-3Ј; and downstream primers E11, 5Ј-TGC CTC CTG GAC CAT AGT TTC-3Ј; or ST, 5Ј-TCA GTA TCG GCT CCT CCC ACC-3Ј) and the hnRNP B1 (upstream primer Blu, 5Ј-CGA TGG AGA AAA CTT TAG AAA CTG TTC CTT TGG AGA-3Ј; and downstream primers E11 or ST). Thirty-five cycles were performed; each cycle consisted of denaturation at 94°C for 1 min, annealing at 55°C for 2 min, and elongation at 72°C for 3 min. The amplification products were analyzed by electrophoresis on 1% agarose gel. The amplified fragments were purified with a TA cloning kit (Invitrogen, CA), and sequencing was performed using a Taq polymerase kit (Prism, Applied Biosystems, CA). Sequencing reactions were analyzed with an automatic sequencer (Model 377, Applied Biosystems, U.S.A.).
RESULTS
Characterization of monoclonal antibodies against hnRNP A2 and B1.
To distinguish between hnRNP A2 and B1, we produced monoclonal antibodies against bacterially expressed A2-and B1-specific synthetic peptide. Several hybridoma cell lines were obtained and two of them, DP3 (IgG2a, ), raised to hnRNP A2, and 2B2 (IgG1, ), specifically to hnRNP B1 peptide, were used for the experiments described here. Immunoblotting on the total HeLa cell material showed that the monoclonal antibody DP3 reacted predominantly with a 36-kDa band which is the expected size of A2 by SDS-PAGE, and with a 38-kDa band which is the expected size of B1 (Fig. 1A) . Weaker reactivity was also observed with DP3 to an additional 39-kDa band. Antibody 2B2 also reacted with the 38-and 39-kDa bands but did not react with the 36-kDa band. The specificity of immunoblotting with DP3 and 2B2 was confirmed by the antibody depletion control using recombinant A2 and B1 proteins (data not shown).
To further examine the proteins that specifically detected with DP3 and 2B2, we also performed immunoblotting of total HeLa cell proteins separated by twodimensional electrophoresis (NEPHGE). Based on their molecular weights and isoelectric points, DP3 recognized mainly three spots which were identified as hnRNP A2, B1, and B2 (Fig. 1B) . The epitope of DP3 was within an amino acid sequence common to three proteins. On the other hand, 2B2 recognized B1 and to a much weaker extent B2 (Fig. 1C) . It was also from these blots that several isoforms or posttranslationally modified acidic forms of A2 and B1 were detected. Further experiments suggested that these spots most likely represent phosphorylated forms of A2 and B1 (data not shown).
Ribonucleoprotein complexes containing hnRNP A2 and B1. To examine the ribonucleoprotein complexes that contain hnRNP A2 and B1, we performed twodimensional electrophoresis of immunoprecipitates from labeled nucleoplasm with anti-hnRNP A2/B1 antibody DP3. The immunoprecipitation pattern observed with DP3 was similar to that of anti-hnRNP C antibody 4F4, but the quantitative ratios of the individual proteins were not identical between DP3 and 4F4 ( Figs. 2A and 2C ). For example, hnRNP F, H, and P were more abundant in the immunoprecipitates with DP3 than with 4F4, and the DP3 isolated complexes also contained several additional spots that were not readily detectable in 4F4 immunoprecipitates. An immunoprecipitation profile with anti-Sm antibody Y12 contained hnRNP proteins as well as snRNP proteins (Fig. 2B) . By comparison between both profiles, most of the additional spots corresponded to snRNP proteins. Furthermore, we confirmed that Y12 immunoprecipitates contained A2 and B1 proteins by the following DP3 immunoblotting (Fig. 2D) . Consequently, DP3 isolates a fraction of the hnRNP proteins that are enriched in snRNP proteins.
Subcellular localization and nucleocytoplasmic shuttling of hnRNP A2 and B1. Immunofluorescence microscopy on HeLa cells with antibodies DP3 and 2B2 exhibited a similar staining pattern, although the staining intensity of DP3, which detects both hnRNP A2 and B1, was weaker than that observed with 2B2. A2 and B1 are localized primarily in the nucleus excluding the nucleolus. Their nucleoplasmic distribution were fine to coarse granular with more intense staining around nucleoli (Figs. 3A and 3B) and had no speckled structures. This pattern was a little different from the coarse granular (speckled) pattern seen with the anti-Sm (snRNP) antibody Y12 (Fig. 3C) . Weak perinuclear and cytoplasmic faint filamentous staining could also be discerned when the staining condition was changed. As was previously found for A1 and several other shuttling hnRNP proteins [20, 21] , inhibition of RNA polymerase II transcription by actinomycin D caused transcription-dependent translocations of the hnRNP A2 and B1 from nucleus to cytoplasm (Figs. 3C and 3D) . 
Cell-type-specific expression of hnRNP A2 and B1.
Immunohistochemically, we performed a systematic survey of the expression of A2 and B1 in all major tissues of the rat. Both monoclonal antibodies DP3 and 2B2 worked well in tissue immunostaining and their staining specificity confirmed with antibody depletion (data not shown). The antibodies were diluted so as to display almost the same staining intensity, although DP3 produced stronger signals in paraffin sections. In various rat tissues, both antibodies showed predominantly nucleoplasmic staining. However, in the squamous epithelia of the skin and esophagus, there was clear cytoplasmic staining. In the basal layer of the squamous epithelium, DP3 stained cytoplasm as well as nucleus, and its staining intensity was very much stronger than that of the upper layers (Fig. 4A ). Because this finding was not obvious in the immunostaining with 2B2, which detects B1 (Fig. 4B) , the cytoplasmic staining presumably reflected the localization of A2.
The relative immunostaining intensities with DP3 and with 2B2 were compared and estimated among cell types of different tissues, using nuclei of fibroblasts as an internal standard when available. The staining intensity of each cell type was classified into three categories: no staining or barely detectable (Ϫ), weak to moderate (ϩ), and strong (ϩϩ). The immunostaining data of three-time experiments are summarized in Table 1. Overall, the staining intensities of both antibodies changed in parallel among tissue types, and we found that the abundance of A2 and B1 was clearly not constant and varied significantly depending on the cell type. In the brain, neurons, especially of the large ganglion-type such as Purkinje cells, had abundant amounts of A2 and B1 (Figs. 4C and 4D) compared to neighboring glia cells, although their ratio seemed to vary depending on the types of neurons. In the testis, both antibodies strongly stained some spermatogonia and spermatocytes, but did not stain spermatids and sperms, and their patterns were variable among seminiferous tubes (Fig. 4E) . We conclude that the amounts of A2 and B1 vary dramatically depending on the meiotic phase because in rodents spermatogenesis is synchronized in each seminiferous tube and each tube shows an independent stage of spermatogenesis. The adrenal gland showed a remarkable discrepancy in the staining patterns with DP3 and 2B2. DP3 stained medullary cells much stronger than cortical cells (Fig.  4F) , whereas 2B2 stained both medullary and cortical cells equally well, which indicates that the adrenal medulla expresses higher levels of hnRNP A2, which is not detected by antibody 2B2, than the adrenal cortex.
Immunoblotting of protein extracts from various rat organs with antibodies DP3 and 2B2 detected proteins of the expected size for hnRNP A2 and B1 as in HeLa cells. Because the signal of B1 detected by DP3 was much weaker than that of A2, it was difficult only by DP3 to evaluate the quantity of B1 which varied among different tissues. Therefore, we used 2B2 to detect B1 and DP3 to detect mainly A2, and compared them. The immunoblotting data confirmed the data obtained by the above immunohistochemical studies (Fig. 5) . The in vivo expression of A2 and B1 was not constant across different tissues. For example, they were much more abundant in the pancreas and the kidney and less abundant in the heart and the lung. Although, in general, organs expressing high levels of A2 also expressed high levels of B1, their relative amounts were not always constant, and varied. For example, A2 was much more abundant than B1 in the adrenal and brain, but not as much in the heart, lung, and intestine. Interestingly, the immunoblotting results indicated the existence of extra tissue-specific variants of hnRNP A2/B1 proteins. The testis, in particular, contained an additional smaller band estimated to be of 33 kDa, and the skin had extra larger bands. These data were reproducible in several immunoblotting experiments.
A novel testis-specific hnRNP A2/B1 isoform. To verify and characterize the extra 33-kDa band detected in the testis by the immunoblotting, we performed RNA blotting and RT-PCR analysis on rat testis RNA. Northern blot hybridization with A2 and B1 cDNA probes detected mRNAs in both the HeLa cell and rat testis RNA. In comparison with the HeLa cell, the testis contained a smaller RNA band (Fig. 6A) . Several hybridization experiments reproduced the same result, and RT-PCR using specific primers for A2 and B1 also revealed extra PCR products which were about 100 bp smaller than the A2 and B1 bands (Fig. 6B ). These were not species-specific because extra smaller products were detected in the other mammals. These smaller bands were confirmed as authentic using two additional sets of specific primers (data not shown). A larger mRNA was also detected in HeLa but this band was not characterized further. Although we have also tried the same analysis using rat skin RNA, no skinspecific larger bands have yet been characterized (data not shown).
The amplified PCR products of rat A2 and B1 and their small isoforms were cloned and sequenced. The small isoforms were designated as hnRNP B0 a/b . The nucleotide sequences of rat A2, B1, and B0 a/b and their deduced amino acid sequences with the location   FIG. 4 . The expression of hnRNP A2 and B1 proteins in rat tissues. The A2 and B1 proteins were reacted with anti-A2/B1 antibody (DP3) and anti-B1 antibody (2B2), and visualized by an immunoperoxidase method using a coloring reagent AEC (reddish brown). Nuclei were counterstained with hematoxylin (blue). In the esophagus, DP3 stained both the cytoplasm and nucleus of basal cells of the squamous epithelium and the staining intensity is much stronger than in the upper layers (A), whereas 2B2 stained nuclei through all layers (B). In the cerebellum, Purkinje cells (arrow) had more abundant amounts of A2/B1 than small neurons in the granular layer or glias (C, D). In the testis, the expression of hnRNP A2/B1 proteins varies among different types of spermatogenic cells in seminiferous tubes which are independently synchronized at certain stages (E). The expression dynamically changes in spermatogonia and spermatocytes, and is not expressed in spermatids or sperms. In the adrenal gland, a remarkable discrepancy was observed between staining patterns with two antibodies. DP3 stained medullary cells (center) more strongly than cortical cells (surrounding area) (F), suggesting that medullary cells express hnRNP A2 quite abundantly compared to the adrenal cortex.
of exon junctions are aligned and compared to human A2/B1 in Fig. 7 . The nucleotide sequences of rat A2/B1 are 94.9% (1008/1062 bp) identical to human A2/B1, and most of the nucleotide changes in the rat are nonsense in their amino acid sequences. The single amino acid change is a leucin 188 to serine 188 in rat A2/B1. The small variants of rat hnRNP A2/B1 (hnRNP B0 a/b ) are generated by the splice-out of exon 9, which is a 40-amino-acid peptide within the Glyrich domain and is just between the RGG box and the M9 nuclear import/export signal [5] .
DISCUSSION
The hnRNP A2/B1 proteins are structurally quite similar to hnRNP A1 and had not been extensively characterized as hnRNP A1 because specific antibodies to the A2 and B1 proteins had not been available. In this study, we newly developed two specific monoclonal antibodies to A2 and B1. Antibody DP3 specifically reacts both A2 (36 kDa) and B1 (38 kDa) proteins, whereas 2B2 is very specific to the unique amino-terminal portion of B1 which is spliced out in A2. Both DP3 and 2B2 detect an additional protein whose molecular weight (39 kDa) and isoelectric point correspond to those of hnRNP B2. If this is indeed B2, then A2 and B1 must share with B2 at least two different epitopes each consisting usually of about 10 amino acids, which react with DP3 and 2B2. A poly(A) ϩ RNA which was hybrid-selected with 5Ј-half of the cDNA clone of hnRNP A2/B1 was reported to contain hnRNP B2 mRNA [3] . Together, all of the data suggest that hnRNP B2 is generated by alternative splicing from the same hnRNP A2/B1 gene transcript. This conclusion is not consistent with another previous report that identified B2 as hnRNP A1 B , a minor splicing isoform of hnRNP A1 which has a 52-amino-acid insertion (exon 7) in the Gly-rich domain [22] . Another, less abundant spot which is slightly smaller and less basic than hnRNP B2 is located in the two-dimensional gelelectrophoresis profile of immunopurified hnRNP complexes demonstrated in our study and previous studies. Further study is needed to compare and identify the minor splicing isoforms of hnRNP A1 and A2/B1 gene and to determine conclusively the hnRNP B2 protein.
The immunoprecipitation experiments were performed using nucleoplasm prepared by an improved digitonin lysis procedure. The immunoprecipitates with anti-A2/B1 and anti-C1/C2 antibodies showed that the quantitative ratios of the individual proteins involved in hnRNP complexes are variable. Each component of hnRNP complexes likely exists not in a fixed ratio to others, reflecting a heterogeneity in binding to hnRNAs. Furthermore, they indicated that A2/B1 are contained in hnRNA-RNP complexes that are enriched in snRNP proteins, which suggests that A2 and B1 possibly interact with the splicing machinery including snRNP proteins. This observation is consistent with previous reports that A2/B1 have a strong influence on the in vitro selection of splice sites and exon skipping [23] . However, in the cultured HeLa cells A2 and B1 are localized in the nucleoplasm as hnRNP A1, and its distribution pattern is different from that of snRNP proteins which showed nucleoplasmic distribution with speckles. This seems to suggest that A2 and B1 as A1 are also involved by other nuclear RNA-processing events than the splicing. Additionally, A2 and B1 translocate from the nucleus to the cytoplasm upon inhibition of RNA polymerase II [16, 24] . This transcription-dependent shuttling is expected based on the presence of sequences like M9, a sequence in hnRNP 2B2 (B) . The expression of A2 and B1 was not constant across different tissues. A2 is much more abundant in the adrenal and brain and less dominant in the heart, lung, and intestine. An extra and smaller band estimated to be of 33 kDa is shown specifically in the testis, and a larger band in the skin.
FIG. 6. (A)
Northern blotting of hnRNP A2/B1 mRNA. The total RNA of the HeLa cell and rat testis was hybridized with hnRNP B1 cDNA probes. A slightly smaller and faint band was seen in the rat testis in comparison with the HeLa cell, and a larger candidate mRNA was also detected in the HeLa. (B) RT-PCR using two sets of primers specific to hnRNP A2 and hnRNP B1 as described in the text. Testis-specific transcripts can be detected and are about 100 bp smaller than those of A2 and B1 which are also seen in HeLa cells.
FIG. 7.
Nucleotide and predicted amino acid sequence comparison of human and rat hnRNP A2/B1 and B0 a/b . Exon 2 sequences generated by alternative splicing specifically in human and rat hnRNP B1 and B0 b are shown in the dark gray shadow box. Identical human and rat nucleotide sequences are shown by the light gray shadows. A single amino acid L 188 (leucine) is changed to S (serine) in the rat hnRNP A2/B1. Small isoforms of rat hnRNP A2/B1, which were named hnRNP B0 a/b , were generated by splicing out exon 9. The human hnRNP A2/B1 nucleotide and amino acid sequences and the exon junctions were obtained from the references [3, 6] . The GenBank/EMBL/DDBJ Accession Nos. are AB006815 (rat hnRNP A2), AB006816 (rat hnRNP B1), AB006817 (rat hnRNP B0 a ), and AB006818 (rat hnRNP B0 b ).
A1 which mediates nuclear import and export, in hnRNP A2/B1 proteins [4, 25] . As has been proposed for A1, A2 and B1 are also likely to function in mRNA export. The immunohistochemical studies presented here provided interesting data on the localization of A2/B1 proteins in a number of different tissues. Basal cells of the squamous epithelia of the skin and esophagus showed a cytoplasmic distribution of hnRNP A2. This suggests that the rates of nuclear import and export of A2 protein may vary in different cell types due to transcriptional activity, or that basal cell-specific forms of hnRNP A2/B1 proteins which have altered cellular localization signals may exist. The squamous epithelium is stratified to show terminal differentiation from basal to surface layers. Basal cells actively undergo mitosis and are considered to have high transcriptional activity. Therefore, this cytoplasmic localization of A2 in basal cells probably does not result from reduced transcriptional activity which is experimentally seen in cultured cells treated with actinomycin D [16, 22] , but from some other mechanisms. The immunoblotting analysis on different tissues suggested the existence of an additional skin-specific form of hnRNP A2/B1. It is, therefore, reasonable to suspect that there is a skin-specific form of A2/B1 proteins which has an altered M9 sequence and thus major cytoplasmic functions in basal cells. However, further studies will be conducted to completely rule out the possibility of cross-reactivity of the antibody with other cytoplasmic proteins because so far no skin-specific mRNA corresponding to the larger bands detected by immunoblotting has been isolated.
The immunohistochemical and immunoblotting data also demonstrate that the relative amounts of A2 and B1 vary in different tissues. For example, in the adrenal gland, A2 is extraordinarily abundant in the medulla, suggesting an adrenal medulla-specific function which is not provided by B1. In contrast, B1 is relatively abundant in the heart, lung, and intestine. The in vivo specific roles of A2 and B1 are, therefore, not equivalent.
FIG. 7-Continued
In the testis, we found that A2/B1 proteins were expressed from spermatogonia to spermatocytes and their amounts change dynamically during spermatogenesis. In a previous study, we found that hnRNP A1 is tightly regulated to be expressed only in Sertoli cells or spermatogonia which are diploid cells and undergo mitosis, but not in spermatocytes which undergo meiosis. Therefore, the expression patterns of A2/B1 and A1 are obviously different in the seminiferous tube. Furthermore, we found splicing isoforms of A2/B1 which are specifically expressed in the testis, namely hnRNP B0 a/b . They are generated by splicing out of exon 9, and as a result, contain a shorter Gly-rich domain. Interestingly, this small variant B0 a/b is more similar to A1 in its overall structure and may substitute for hnRNP A1 in spermatocytes which do not express hnRNP A1 [11] . It is interesting that the overall structure difference between hnRNP B0 a/b and hnRNP A2/B1 probably is equivalent to that between hnRNP A1 and its splicing isoform hnRNP A1
B , which has a 52-amino-acid insertion (exon 7 of the A1 gene) in the Gly-rich domain corresponding to exon 9 of the A2/B1 gene [22, 26] . The existence of the testis-specific isoform is also of interest because A2/B1 bind specifically to telomeric single-stranded DNA repeats [27] and the testis has a high telomerase activity [28] .
It is proposed from some in vitro experiments that the combinations of antagonistic hnRNP A/B and SR proteins are involved in regulating alternative splicing of pre-mRNAs [23, 29] . The in vivo expression of hnRNP A2 and B1 shows the considerable tissue-specific variations including their novel isoforms, and not always parallel to that of hnRNP A1 which we previously reported [11] . Some tissue-specific discrepancies between A1, A2, and B1, which are observed, for example, in the testis and adrenal, could provide important information on the cellular pre-mRNAs as a substrate of the unique alternative splicing. The diversity of A/B group hnRNP proteins in mammals may have important effects on the posttranscriptional regulation of cell-specific gene expression.
